Complete hydrolytic degradation of starch requires hydrolysis of both the a-1,4and a-1,6-glucosidic bonds in amylopectin. Limit dextrinase is the only endogenous barley enzyme capable of hydrolyzing the a-1,6-glucosidic bond during seed germination and impaired limit dextrinase activity inevitably reduces the maltose and glucose yields from starch degradation. Crystal structures of barley limit dextrinase and active site mutants with natural substrates, products and substrate analogues were sought to better understand the facets of limit dextrinase-substrate interactions that confine high activity of limit dextrinase to branched malto-oligosaccharides. For the first time, an intact a-1,6-glucosidically linked substrate spanning the active site of a limit dextrinase or pullulanase has been trapped and characterized by crystallography. The crystal structure reveals both the branch and main chain binding sites and is used to suggest a mechanism for nucleophilicity enhancement in the active site. The substrate, product and analogue complexes were further used to outline substrate binding subsites, substrate binding restraints and to suggest a mechanism for avoidance of dual a-1,6and a-1,4hydrolytic activity likely to be a biological necessity during starch synthesis.
Introduction
Starch is the major plant storage carbohydrate. It not only provides energy for the plant during growth phases with inadequate or no photosynthesis but it also constitutes an essential calorie and carbon source for human and animal nutrition. It is the essential raw material in many biotechnological industries, e.g. in brewing, bio-refineries and in the production of high-fructose and glucose (Glc) syrups. Cereal grains like maize, rice, wheat, barley and sorghum are the major sources of nutritional and industrial starch. Amylopectin and amylose, which are the two polysaccharide constituents of starch, are tightly packed in semi-crystalline granules in the grains and in the photosynthetic organs.
While amylose is an essentially linear 1,4-a-glucan chain of 200-1000 Glc units, the linear a-1,4linked glucosyl chains in amylopectin are connected via a-1,6-bonds [1] to form large branched molecules of 2000-200000 Glc units [2] . During e.g. barley seed germination, the carbon and energy stored as starch is mobilized by the concerted action of a pool of different amylolytic enzymes that includes a-amylases, b-amylases, limit dextrinase (LD) and a-glucosidases. Among these enzymes, only LD has the capacity to hydrolyze the a-1,6-glucosidic linkages of branched maltooligosaccharides produced by the amylases and a-glucosidases [3, 4] . Low LD content therefore has biotechnological consequences during beer brewing where barley malt with a low LD content can be correlated with a limit dextrin rich/high calorie mash and reduced ethanol yield [5] [6] [7] [8] [9] . The biological impact of a LD null mutation in maize is an attenuated germination rate and an enhanced phytoglycogen phenotype [10] .
Barley limit dextrinase (HvLD, E.C. 3.2.1.142) is a CAZy glycoside hydrolase family 13 (GH13) enzyme [11] . The GH13 enzymes, also known as the a-amylase family, are grouped based on sequence similarities and all members act on a-glycosidic bonds. The family is quite diverse with regard to enzyme activities and substrate specificities, though, and it is currently subdivided into 40 subfamilies based on high sequence similarity scores to reflect this diversity [12] . HvLD and HvLD-like debranching enzymes are assigned to GH13 subfamily 13 (GH13_13) together with closely related bacterial pullulanases (PULs). Other closely related bacterial PULs are found in subfamilies GH13_12 and GH13_14. Since the debranching enzymes of all three subfamilies show high activity towards pullulan, a linear polysaccharide composed of a-1,6-linked maltotriose (G3) units produced by the yeast-like fungus Aureobasidium pullulans [13] , they are often all referred to as pullulanases. However, 5 the in-vivo substrates for the HvLD-like plant enzymes from GH13_13 are believed to be limit dextrins;
i.e. small branched maltooligosaccharides generated from amylopectin degradation by aand bamylases. HvLD has the capacity to hydrolyze a-1,6-linked branches in amylopectin as well, but the efficiency is low (this study).
The catalytic mechanism of GH13 members follows a general double displacement mechanism that proceeds in two steps and involves the formation and breakdown of a covalent glycosyl-enzyme intermediate via oxocarbenium ion-like transition states [14, 15] . The a-1,6-glucosidic linkage is cleaved with retention of the anomeric configuration [4] . Catalysis involves an aspartic acid catalytic nucleophile, which forms the covalent adduct and a glutamic acid general acid/base catalyst. In addition, a third carboxylic acid residue thought to be a transition state stabilizer is required for catalytic activity [16, 17] .
Three crystal structures of HvLD have been published; HvLD (Protein Data Bank (PDB) entry 4AIO [18] ) and HvLD in complex with its competitive inhibitors aor β-cyclodextrin (CD) (PDB entries 2Y4S and 2Y5E [19] ). The HvLD structure is composed of four domains; the N-terminal domain (residues 2-124 resembling carbohydrate binding module 21 [18] ), a carbohydrate binding module 48 (residues 125-230), a catalytic (b/a) 8 domain (residues 231-774) containing the two catalytic residues (Asp473, nucleophile; Glu510, general acid/base) and the transition state stabilizer (Asp642) and a Cterminal domain (residues 775-885) ( Fig. 1 ). In addition to HvLD, two other GH13_13 enzymes have been structurally characterized, the PUL from Kleibsiella pneumoniae (KpPUL) as free enzyme and in complex with Glc, maltose (G2), G3 or maltotetraose (G4), respectively [20] , and a PUL from the Klebsiella oxytoca strain without carbohydrate in the active site (PDB entry 2YOC). The KpPUL has an extra N-terminal carbohydrate binding module compared to its plant counterparts. Additionally two structures of Streptococci PULs from GH13_12 [21, 22] and three structures of Bacilli PULs from GH13_14 are known [23] [24] [25] . None of the debranching enzyme structures published to date have been substrate complexes, i.e. containing linear a-1,6-oligosaccharides, small branched limit dextrins or mixed 1,4-/1,6-linked substrates representing fragments of the Glc polymers amylopectin, glycogen or pullulan. Therefore, the exact stereochemistry of the active site for engagement in a-1,6-bond hydrolysis of a branched substrate is not known. The nomenclature for branched substrate subsites in glycosyl hydrolases is defined by Davies et al. and Mikami et al. [20, 26] . According to this 6 nomenclature each subsite interacts with one glycosyl unit. The carbohydrate main chain is embedded in subsites -1', 0', +1, +2, +3 etc., while the branch units are accommodated in the -3, -2, -1 subsites.
The scissile a-1,6-bond of the branched substrate is placed between subsites -1 and +1 (Fig. 2 ).
Despite the extensive analyses of the GH13 family, there is still a lack of understanding of the key determinants for a-1,4versus a-1,6-glycoside hydrolase activity and the background for the variations in catalytic efficiency on polymeric substrates displayed by the individual debranching enzymes from GH13_12-14 and of the isoamylases from GH13_11. Here we have used three crystallographic approaches to thoroughly map main chain and branch HvLD substrate binding subsites and to gain insight into the structural features governing 1,6-versus 1,4-hydrolytic activity: i) two structures were solved of catalytically inactive HvLD in complex with the natural substrates 6 2 -a-D-maltotriosylmaltotriose (G3G 1 3; an amylopectin fragment) and with 6 3 -a-D-glucosyl-maltotriosyl-maltotriose (GG 2 3G 2 3; a pullulan fragment), ii) two structures of HvLD in complex with its products G3 and G4, i.e. linear malto-oligosaccharides were solved, and iii) two structures of HvLD in complex with the substrate analogues S-(a-D-maltosyl)-6-thio-b-cyclodextrin (G2S-bCD) or 6 3 -a-D-maltosyl-6thiomaltotetraose (G2SG 2 4) ( Table 1) . Furthermore, a structure guided HvLD variant, HvLD-M440G, was constructed to clarify the role of this residue and the potential existence of a -4 branch subsite that was not unambiguously characterized by the HvLD-carbohydrate crystal structures.
An intact a-1,6-glucosidically linked substrate spanned the active site of the G3G 1 3 and GG 2 3G 2 3 complexes and overall, the compiled structures outlined substrate binding subsites, substrate binding restraints and suggested mechanisms for nucleophilicity enhancement in the LD active site and for avoidance of dual a-1,6and a-1,4-hydrolytic activity.
Results

Enzyme activity
The specific activity of wild type HvLD was determined to 2.2 U/mg using the Limit Dextrizyme assay from Megazyme. The catalytically inactive HvLD-E510A was shown to have a residual activity of 0.0004% in the reducing sugar assay [27] with the pullulan substrate.
Overall structure
The six HvLD crystal structures were solved to resolutions ranging from 1.45 Å to 1.75 Å ( Table 1) .
All had overall structures identical to that of the previously published HvLD structures (PDB entry 7 4AIO [18] , 2Y5E and 2Y4S [19] ) ( Fig. 1a ). As in the case of the previously solved structures of HvLD in complex with aand b-CD, the N-terminal region (residues 1-5) and three loop regions (residues 24-27, 42-46 and 102-108) were disordered, albeit to varying extent. For the most part, all HvLD structures were crystallized in the same space group, although the length of the c-axis was increased 2fold in the G2SbCD co-crystallized complex and thus the asymmetric unit of the HvLD G2SbCD complex contained two HvLD molecules related by non-crystallographic symmetry. This crystal form was observed in a very small population of all the LD crystallization experiments and was not a result from the binding of the G2SβCD. It was generated by a 5.3 Å rigid-body translocation of the second LD molecule in the asymmetric unit of the HvLD G2SβCD complex, and it is possible that the crystal packing heterogeneity was a result of incomplete saturation of the third G4 binding site observed in the HvLD maltotetraose crystal structure (see the HvLD maltotetraose binding section).
Active site of the HvLD-E510A G3G 1 3 complex
The inactive variant HvLD-E510A was soaked with G3G 1 3, which is an a-1,6-branched limit dextrin derived from amylopectin degradation, i.e. a plausible in-planta substrate. Significant electron density (larger than 1.0 s in a sigmaA weighted 2Fo-Fc map) was observed for all carbon atoms in the Glc units, which occupied subsites 0', +1, +2 and -1, -2, -3 (Supplemental Fig. S1a ). The Glc unit in subsite 0' was hydrogen bonded to Arg697, Asp698, and Lys727 and stacked against the Glc unit at subsite -2 ( Fig. 1b, Fig. 3b and Supplemental Video). Tyr700 stacked onto the Glc unit in subsite -2.
Tyr357 stacked with the Glc unit in subsite -1, while hydrogen bonds were found between the catalytic nucleophile, Asp473 and the hydroxyl groups of C2 and C6 and between the transition state stabilizing Asp642 and the hydroxyl groups of C2 and C3 in this subsite. Most remarkably, Asp642 was not in the same rotamer as observed in the uncomplexed structure and in the structures with the competitive inhibitors aor b-CD bound (Fig. 1c) . The a-1,6-linkage was positioned in the active site adjacent to the catalytic residues Asp473, Ala510 (Glu510 general acid/base in wild type HvLD) and Asp642. Two water molecules were found in the HvLD-E510A inactive variant in positions corresponding to Glu510 OE1 and OE2 in the native uncomplexed enzyme (PDB entry 4AIO) ( Fig. 1c ). Trp512 stacked onto the Glc unit in subsite +2. A list of amino acid residues with hydrogen bonds or van der Waals interactions to the G3G 1 3 molecule can be found in the supplemental material (See supplemental Table S1 for a list and supplemental Fig. S1b for a structural formula representation of the HvLD-E510A-G3G 1 Table S2 ).
Active site of the HvLD-E510A variant GG 2 3G 2 3 complex
The GG 2 3G 2 3 is a substrate for HvLD but it also represents a fragment of pullulan and although it contains both a-1,4 and a-1,6-glucosidic linkages it is not a branched substrate. A crystal structure of the complex was obtained with the inactive HvLD-E510A variant. There was significant 2mFo-DFc electron density for all seven Glc moieties, but the first Glc901 unit at subsite -3 had a larger average B-factor than the rest of the molecule (B average G''3-G''3 = 17.2 Å 2 , B average first Glc901 unit = 59.3 Å 2 ) and only a few intermolecular contacts. The two G3 moieties occupied subsites +1 to +3 and -1 to -3 as illustrated in Fig. 3c and supplemental video, however, the Glc907 unit in the potential +3 subsite only had intermolecular interaction with Phe553 (See supplemental Table S1 for a list and Fig. S1 ). The two water molecules found in positions corresponding to Glu510 OE1 and OE2 in the wild type enzyme had well-defined electron densities in this complex as well.
HvLD maltotetraose binding
Two wild type HvLD structures were obtained in complex with G4; one had been co-crystallized with a low concentration of a mixture of 25 mM G3 and 25 mM G4 and one had been soaked with 300 mM G4 ( Table 1) . The low concentration G3/G4 co-crystallization structure revealed binding of oligosaccharide only in the main chain binding subsites. Glc units could be modeled into the main chain subsites 0', +1 and +2 with full occupancy, while Glc units with a lower occupancy could be modeled in the main chain subsites +3 and -1' (Fig. 3d and supplemental video). No apparent density that resembled Glc could be located at the branch binding subsites -1, -2 and -3. Consequently, two partly superposed G4 molecules each with occupancy of 0.5 were built in the electron density. One G4 chain occupied subsites -1', 0', +1 and +2, and the other chain occupied the subsites 0', +1, +2, and +3 ( Fig.   3d and supplemental Fig. S3a ).
HvLD crystals soaked with a high concentration of G4 (300 mM), however, had both main chain and branch-binding sites occupied with G4 molecules and the two G4 molecules did not superpose but could be modeled as a G4 in the 0', +1, +2 and +3 subsites and as G3 in the -4, -3, and -2 subsites, A third G4 binding site was observed at the surface of LD at the interface between three HvLD monomers in the crystal soaked with 300 mM G4 (See supplemental Fig. 4 ). Here, the G4 molecule interacted with residues K247, L301, S297, D298, R294, R391, R582 via hydrogen bonding interactions but the presence of the G4 molecule at the interface between three HvLD monomers makes an interpretation of this site as a genuine surface binding site questionable and is likely an artifact of the high concentration of G4 used.
Other than the presence of additional sugars in the 300 mM G4 soak, there were no significant differences in the overall LD structure and active site architecture between the low and high concentration soaks. This observation suggests the presence of high and low affinity ligand binding sites in the active site, of which the latter is revealed upon soaking with higher concentrations of ligand.
HvLD 6 3 -a-D-maltosyl-6-thiomaltotetraose binding
HvLD crystals were soaked with the mixture of G2SG 2 4 and 6 3 -a-D-maltosyl-6-thiomaltotriose (G2SG 2 3), the products from Novamyl treatment of G2S-bCD. The structure revealed the presence of two oligosaccharide structures; one, a G4, in the main chain site and one, a G2SG 2 4, in the branchbinding site, respectively ( Fig. 3f and supplemental video). Four Glc units were built into the electron density at subsites 0', +1, +2 and +3. Extra electron density attached to the O6 atom at subsite +1 indicated the location of a thiol-1,6-linkage, but there was no significant electron density for a thiollinkage in an anomalous Fourier map, and there was neither significant electron density for a maltose molecule nor a Glc unit extending from the C6 atom of the Glc at the +1 subsite. In the branch binding site, there was substantial and coherent electron density at the -1, -2, -3 positions and weaker but continuous density for a branch at the C6 atom of the Glc at subsite -3 corresponding to the structure of the G2SG 2 4 molecule ( Fig. 3f ). Anomalous maps supported the presence of sulfur at the thio-linkage position in subsite -3, but 1.0 s sigmaA weighted negative Fo-Fc electron density surrounded the sulfur linkage, perhaps due to radiation damage (See supplemental Fig. S5 for a structural formula representation of the HvLD-G2SG 2 4 active site).
HvLD 6-S-(a-D-maltosyl)-6-deoxy-6-thiocyclomaltoheptaose binding
a-(1,6)-O-maltosyl-b-CD is a substrate for HvLD, while the corresponding sulfur linked G2SbCD is a potent inhibitor of HvLD [28] . The cyclic part of G2SbCD was bound in the active site of HvLD analogous to the binding of b-CD in the HvLD-b-CD structure (PDB code 2Y4S) [19] . The side chain of Phe553 was immersed into the central cavity of the b-CD moiety and Glc units occupied the main chain subsites 0', +1, +2 and +3. Trp512 was stacking against the subsite +2 Glc unit of G2SbCD as in the HvLD-b-CD structure. However, the position of the solvent exposed part of the G2SbCD was shifted 1.8 Å compared to b-CD in the HvLD-b-CD structure. In the HvLD-b-CD structure, there is no clear electron density for the side chain of Phe620, while in the HvLD-G2SbCD structure, the loop containing Phe620 was moved towards the CD ring and the electron density of Phe620 was well defined and stacked against the subsite +3 Glc unit. The Ca of Phe620 was moved 4.6 Å. Surprisingly, the maltosyl moiety of G2SbCD did not occupy the branch-binding site but branched from subsite +2 
Effect of Met440 substitution
Met440 is situated in a potential subsite -4 and has been suggested to be implicated in limiting the activity of HvLD on large branched substrates [19] . Met440 was substituted with glycine, the residue most often found in the similar position in PULs (See supplemental Fig. S7 for a LD/PUL sequence alignment), and the catalytic parameters for HvLD hydrolysis of pullulan and amylopectin were determined. The Met440Gly substitution had no effect on pullulan hydrolysis, while a slightly lower K m , a four-fold decrease in k cat and a 2.6-fold decrease in k cat /K m were observed for amylopectin hydrolysis ( Table 2 ).
Discussion
Substrate selectivity -main chain binding
Based on an analysis of key subsites in the GH13 family, Kumar [29] suggested that GH13 enzymes recognize their substrates based on the shape of subsites rather than on specific interactions within the binding site. The enzyme:substrate and enzyme:ligand crystal structures solved in the present study made it possible to identify six core Glc-binding subsites in the catalytic site and its vicinity in agreement with previous observations from the KpPUL-G4 ligand complex [20] ; three main chain subsites (0', +1, and +2) and three branch subsites (-1, -2, and -3). However, the structure of HvLD soaked with G4 revealed that the length of the main chain can be at least five Glc units long and span the three core main chain subsites and two peripheral subsites (-1' and +3); one at each end of the main chain binding cleft. Apparently, two is the optimal number of Glc units, which can be accommodated at the non-reducing side of the main chain after the a-1,6-glucosidic linkage, i.e. in subsite -1' and 0'.
The result is in perfect agreement with kinetic data for HvLD purified from malt that shows K m values in the 0.5-0.8 mM range for small limit dextrins (6-7 Glc units), with k cat varying from 85 s -1 , when there were three main chain Glc units on the non-reducing side of the a-1,6-linkage, to approximately 215 s -1 when there are one or two Glc units on the non-reducing side [28, 30] .
At the reducing end of the main chain, subsites +1 and +2 stand out as being critically important for substrate binding. The CD inhibitors bind to these subsites with high affinity (K d for b-CD is 0.7 µM) [19] , and Phe553 and Trp512 sandwich the main chain of branched substrates at subsite +2 positioning the a-1,6-glucosidic linkage for hydrolysis. Trp512 is at the same side of the substrate plane as the catalytic residues and is part of the conserved GH13 region III indicating that this residue is a pivot for substrate binding to GH13 in general as previously suggested [16] . Phe553, on the other hand, is not generally conserved in GH13 enzymes, but it is conserved in LDs and PULs (Supplemental Fig. S7 ).
Four of the crystal structures have a Glc unit bound in subsite +3. It is relevant to assign a subsite +3 in relation to the binding of pullulan, because this subsite accommodates the G3 moiety at the reducing end of the a-1,6-linkage. The HvLD-E510A structure with GG 2 3G 2 3 bound illustrates the binding of pullulan. The loop containing Phe620 and Asp621, which interacts with the Glc unit at the +3 positions, seems to be quite dynamic, though, and in the previously published structure of HvLD in complex with b-CD [19] there was no electron density for the side chain of Phe620, and Asp621 did not make hydrogen bonds with the b-CD. In the present structure of HvLD-G2SbCD, Phe620 is stacking against a Glc of the CD ring at subsite +3, and again, Asp621 does not contribute to the interaction. There are no indications that crystal packing influences the HvLD-G2SbCD interactions.
Phe620 is a conserved residue (Phe, Tyr or His) in LD/PUL from GH13_13 but is not conserved in the 12 GH13_12 and GH13_14 subfamilies. A tyrosine is seen in the corresponding position in the KpPUL structures (GH13_13) [20] , but the entire loop carrying the Phe620 and Asp621 for subsite +3 interactions is absent in the PULs from GH13_12 [21, 22] and GH13_14 [23] [24] [25] . It is likely that this dynamic Phe620-Asp621 loop is important for HvLD activity on different length limit dextrins during amylopectin conversion. The loop could impede the effective binding of substrates with a main chain length of more than four Glc units. This is in agreement with hydrolysis kinetics results on different well-defined limit dextrins which showed 6 3 -a-maltotriosyl-maltotetraose (G3G 2 4) is the optimal substrate for HvLD [28] .
Likewise, it seems that the surface binding of the maltosyl-chain of the G2SbCD to Ser437, Phe514 and Ala515 (Fig. 3 ) has a function in positioning longer limit dextrins in the active site or limit dextrins with branch points on two neighboring main chain Glc units. Furthermore, the structure of HvLD-G2SbCD, with the thio-a-1,6 branch at the +2 subsite, indicates that the presence of a-1,6 branches on neighboring Glc units would not make substrate binding and debranching futile. KpPUL has even more space for a neighboring substrate branch in this position since a serine is found in the position corresponding to HvLD Phe514 [20] , but serine would not be able to contribute to branch binding with aromatic residue stacking interactions. The interactions from the maltosyl-chain of the G2SbCD to HvLD is probably the explanation for the increased inhibitory effect of G2SbCD (K i is 0.46 µM) compared to b-CD (K i is 0.7 µM) [31] .
Substrate selectivity -branch binding
From structural comparisons between HvLD and KpPUL we previously suggested that Met440 near subsite -3 could cause steric hindrances for binding of longer branches by obstructing the formation of a -4 subsite and thereby explain the lower activity of HvLD on larger branched substrates as compared with bacterial PULs from GH13_12 or GH13_14, which commonly have a glycine at the corresponding position [19] (Supplemental Fig. S7 ). However, the present crystal structures of HvLD with the longer branch substrates/ligands G2SG 2 4 and GG 2 3G 2 3 bound show that Met440 is flexible and the mutational analysis showed a small (2.6-fold) reduction in HvLD-M440G catalytic efficiency (k cat /K m ) using amylopectin as a substrate with classical Michaelis-Menten kinetics ( Table 2 ). The mutation resulted in a modest decrease in K m . The differences in substrate specificity between the different debranching enzymes from GH13 with regard to very large branched substrates like 13 amylopectin therefore seems to be have more causes than deletion or addition of interactions at this specific subsite. The limited effect of the Met440G mutation indicates substrate specificity of this class of enzymes to be the result of the combined effect of interactions and shape complementarity over a larger section of the polymeric substrate in accordance with the suggestion by Kumar [29] .
Furthermore some PULs, like the structurally characterized GH13_12 pullulanase from Streptococcus pneumoniae, have more carbohydrate binding modules than HvLD. These modules have been shown to be especially important for activity on polymeric substrates [22] .
The aim of soaking HvLD crystals with thioglycosides such as G2SG 2 4 and G2SbCD was to get the thio-a-1,6 bond to span the active site to clarify the reaction preference of a-1,6versus a-1,4glucosidases. It was not possible to achieve this with G2SG 2 4 nor with the G2SbCD compound, though. The present HvLD-G2SG 2 4 and HvLD-G2SbCD structures revealed that the thio-bond of these compounds does not fit and span the central active site of HvLD but rather interacts with other surface sites as described above for the G2SbCD interactions with the dynamic Phe620-Asp621 loop.
The a-1,6-thio branch of HvLD-G2SG 2 4 interacted with Met440 and Asp406 and showed that additional a-1,6-branches can be accepted on the Glc unit in subsite -3 ( Fig. 3f and supplemental Fig.   S5 ).
a-1,6versus a-1,4-hydrolytic activity Unlike the preferred binding of ligands in the subsites at the reducing side of the a-1,6-linkage seen in this study, the a-1,4-hydrolytic barley amylase isoform 1 (HvAMY1) preferentially binds ligands in the subsites at the non-reducing side of the cleaved bond [32] . A superposition of the HvAMY1 active site and the HvLD-G3G 1 3 active site shows that HvLD branch binding sites -1 and -2 closely resemble the -1 and -2 subsites in HvAMY1 (Fig. 4a ). It is noteworthy that the catalytic machinery in terms of the HvLD nucleophile (Asp473), general acid/base (Glu510), and the transition state stabilizer (Asp642) are identically positioned for catalysis in HvAMY1 and HvLD. Also the position of Asp642 in subsite -1, whose equivalent is essential for activity in GH13 a-amylases is conserved [33] .
The oxocarbenium-like transition states of a-1,6-glycoside hydrolases are believed to be stabilized by interactions from several conserved amino acids in the active site, especially two histidine residues: 14 KpPUL His607 and His833, which correspond to HvLD His404 and His641, respectively [34] . The orientation of a His amino acid residue in the electron density is to some extent ambiguous and will depend on the presence of adjacent hydrogen bonding partners. His607 NE2 in KpPUL is proposed to hydrogen bond (3.2 Å) to the O6 of the Glc unit in subsite -1 in the structure of KpPUL-G4 [20] and His607 mutagenesis resulted in loss of activity [34] . HvLD His404 was previously suggested to be important in substrate binding as the residue interacted with a glycerol molecule in the active site [19] .
In the HvLD structures presented here, the hydrogen bonding pattern of His404 and hence its orientation was interpreted differently (Fig. 4b ). All HvLD structures show hydrogen bond distances (2.6-2.7 Å) between Asn403 OD1 and His404 ND1 (correspondingly, the Asn606 OD1 to His607 CD2 distance is 2.7 Å in KpPUL-G4) and have a water molecule within hydrogen bonding distance of His404 NE2 (2.7-2.8 Å) (the corresponding water to His607 CE1 distance is 3.0 Å in KpPUL-G4).
The smallest His404 to O6 distance, on the other hand, varied from 3.2 Å in the HvLD-E510A-G3G 1 3 structure to 4.1 Å in the HvLD-E510A-GG 2 3G 2 3 structure. Consequently, His404 is likely to influence hydrolysis via the hydrogen bond to Asn403 OD1, which position Asn403 ND2 for hydrogen bond donation to Asp473 O and OD2 and increase the acidity (lower pKa) of the nucleophile and ensure a negative charge on the residue for nucleophile attack. Fixing Asp473 by hydrogen bond donation primes it for attack on the C1 of the Glc in subsite -1. A similar arrangement is not found in the a-1,4hydrolytic barley amylases. Here, the amino acid residues corresponding to Asn403 (Asn92 in HvAMY1 [35] and Asn91 in HvAMY2 [36] ) are part of a Ca 2+ binding site, which could also affect the acidity of the nucleophile.
Significant differences were observed at subsite -1 when the structures of HvLD-E510A-G3G 1 
and
HvLD-E510A-GG 2 3G 2 3 were superimposed (Fig. 4c ). The Glc unit in subsite -1 in the GG 2 3G 2 3 structure was in a low energy chair conformation, whereas the Glc conformation in subsite -1 in the G3G 1 3 structure was a twisted chair. C6-OH of G3G 1 3 was hydrogen bonded to OD2 of Asp473, whereas a water molecule was bridging the C6-OH and OD2 of Asp473 in HvLD-E510A-GG 2 3G 2 3.
The hydrogen bonding between G3G 1 3 C6-OH and Asp473 could compensate for the energetically unfavorable twist of the Glc ring out of its preferred chair conformation. That the C6-OH in HvLD-E510A-GG 2 3G 2 3 was further away from OD2 of Asp473 could possibly be due to lack of steric constraints from the Glc unit at subsite 0' in the G3G 1 3 structure, but it could also be a result of the 15 E510A mutation, although this mutation was present in both structures. As a-1,6-glucosidic bonds are inherently more flexible than a-1,4 bonds, owing to additional torsion angles and fewer intramolecular hydrogen bonds between adjacent Glc rings, the inclusion of a Glc unit at subsite 0' could, as seen in the G3G 1 3 structure, help rigidifying the substrate by addition of stacking interaction between the 0' position Glc and the Glc unit in subsite -2 and thus help orient the substrate properly in the active site.
Based on kinetic studies by Manners and Yellowlees, G3G 2 4 is a better (twice as good) substrate for HvLD than 6 3 -a-maltotriosyl-maltotriose [37] . This is also the case for other LD's (sorghum and pea) [38, 39] . These differences in activity depending on the position of the a-1,6-branch indicate a preference for a Glc unit on both sides of the branch, which could reflect an effect of Glc stacking on the substrate binding thermodynamics. Glc stacking between subsites 0' and -2 is not a prerequisite for rapid catalysis, though. Pullulan is one of the best substrates for HvLD and PULs in general [40] and the subsite stacking is therefore more likely to be a way to restrict the space needed and the entrophy loss by substrate binding than it is likely to be part of a transition state stabilization mechanism.
Structural comparison of HvLD with the GH13_12 [21, 22] , GH13_13 [20] and GH13_14 [24] PULs suggests that HvLD Phe553 (Supplemental Fig. S7 ) and the equivalent tyrosine or phenylalanine in PULs serves the same function. A structure based multiple sequence alignment does not bring the amino acid residues equivalent to Phe553 in perfect alignment (Supplemental Fig. S7 ) but a superposition of the structures from GH13_12-14 showed that the Phe553 equivalent residues were occupying the same 3D space (Supplemental Fig. S8 ) and appeared to adopt different conformations to optimize substrate interactions ( Fig. 5 ). In the HvLD-G2SG 2 4, HvLD-G4-300 mM, HvLD-G4-25mM, HvLD-E510A-G3G 1 
Materials and methods
Sources of oligosaccharides
G2SbCD was synthesized via a route inspired by Greffe et al. [41] . G2SbCD was treated with the maltogenic a-amylase from Bacillus stearothermophilus (Novamyl [42] , Sigma A2986) and the products G2SG 2 4 and G2SG 2 3 were purified and partly separated by peracetylation followed by silicagel column chromatography and subsequent deprotection with sodium methoxide in MeOH. GG 2 3G 2 3 was from Megazyme, while G3G 1 3 was a gift from the late Bent S. Enevoldsen.
Recombinant HvLD expression in Escherichia coli
A synthetic gene for HvLD, which was codon optimized for expression in Escherichia coli (E. coli), was bought from Genscript. The protein sequence was identical to the sequence published with previous studies (Uniprot id. Q9FYY0_HORVU) [18, 19] . The gene was cloned into a pET28a vector Protein expression was done using the T7 RNA polymerase based system [27] using standard procedures. Expression was induced by addition of isopropyl-β-D-thiogalactopyranoside to a final concentration of 0.5 mM. Induction was continued at 18°C and 180 rpm overnight. The HvLD-M440G variant was obtained using the pPIC9K/LD construct as template [31] and the QuikChange Lightning
Site-Directed
Mutagenesis Kit (Stratagene) with forward primer: 5'-GCCAGATTGAGAACAGTGCAGCTGGTAACAATACAGCAAGTGAGC-3' and reverse primer:
5'-GCTCACTTGCTGTATTGTTACCAGCTGCACTGTTCTCAATCTGGC-3'. Transformation into
Pichia pastoris strain GS115, selection for expression and secretion of HvLD and recombinant production were done essentially as previously described [31] . which was equilibrated in 20 mM MES, 150 mM NaCl, pH 6.6. Fractions containing HvLD were again pooled and this time concentrated (Amicon Ultra 0.5 ml 30 kDa MWCO, Millipore) to 20 mg/ml and stored at -80°C. HvLD-M440G variant produced in P. pastoris was purified as previously described [18] .
Purification of HvLD
HvLD concentration was determined using the absorbance at 280 nm and ε 280 nm =1.52×10 5 M -1 cm -1 [31] and a molecular weight of 99.6 kDa. The specific activity of wild type HvLD was measured using the Limit Dextrizyme assay from Megazyme. The residual activity of the HvLD-E510A variant was determined using the reducing sugar assay as previously described [31] with 0.3 mg/ml pullulan (Megazyme) as substrate and 1 mM of HvLD-E510A or 3 nM wild type HvLD. The assay time for the HvLD variant was 26 hrs, while it was 15 min for wild type enzyme.
Enzyme kinetics
The kinetic constants of wild type HvLD and HvLD-M440G on different substrates were determined from initial hydrolysis velocities at 37°C using a reducing sugar assay [31] . The substrate concentrations were 0.02-1 mg/ml pullulan (Megazyme) or 0.5-10 mg/ml potato amylopectin (Sigma-Aldrich) and the enzyme concentration was 3.6 nM wild type HvLD in the pullulan experiment and 
Crystallization and data collection
Crystallization was based on previously published conditions [19] . The protein was first diluted to 10 mg/ml with 20 mM MES, 150 mM NaCl, pH 6.6 and 5 mM DTT and crystals were grown using the hanging drop vapor diffusion method. The drops were 2 µL of protein solution added 1. (Table 1) .
Structure determination and Refinement
The diffraction data were processed and scaled using XDS [43] or iMOSFLM [44] combined with SCALA from the CCP4 program suite [45, 46] . Molecular replacement was performed using MOLREP [47] from the CCP4 program suite with the HvLD-β-CD structure (PDB entry 2Y4S [19] ) as the starting model. After molecular replacement, cycles of restrained refinement with REFMAC5 [48] were alternated with manual inspection, rebuilding, and addition of water molecules, ligands and ions using Coot [49] . Anisotropic B-factor refinement was applied at the near-end cycles of refinement. The final structure validation and analysis of model geometry optimization were performed using the output from PROCHECK [50] and Molprobity [51] . The final statistics for data processing and structure refinement are given in Table 1 . PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC)
was used for the visualization of the structures.
Database linking
PDB: 4J3S, PDB: 4J3T, PDB: 4J3U, PDB: 4J3V, PDB: 4J3W, PDB: 4J3X
Accession numbers
Coordinates and structure factors have been deposited in the PDB under RCSD PDB accession codes 4J3S, 4J3T, 4J3U, 4J3V, 4J3W, 4J3X. Tables Table 1 . Data collection and refinement statistics.
Figure captions
HvLD-
HvLD-G2SG 2 4 (25-50 mM)
HvLD-G4 (25 mM)
HvLD-G4 (300 mM)
Max-lab II (I911-2) Wavelength (Å) Table S1 have been included. Table S1 have been included. Figure S4 . Overall structure of HvLD with ligand structures from this study superimposed (grey sticks, HvLD-E510A-G3G 1 3; turquoise sticks, HvLD-E510A-GG 2 3G 2 3; purple sticks, HvLD-G4 (300 mM); orange sticks, HvLD-G4 (25 mM); magenta sticks, HvLD-G2SβCD, green sticks, HvLD-G2SG 2 4). The secondary interaction site observed in the HvLD-G4 (300 mM) structure can be seen when the structure is rotated 90° about its vertical axis (top right panel). Figure S7 . Structure guided multiple sequence alignment of the catalytic domains of GH13_12-14 limit dextrinases and pullulanases, which are classified as characterized in the CAZy database. The sequence of HvLD (PDB entry 4AIO) is underlined in green. The conserved amino acid motifs [1] of GH13 are labeled, and the amino acid resides discussed in the paper is indicated by an asterisk (residues numbered according to HvLD). The region around Phe553 of HvLD is marked by a blue box. The range of the catalytic domains (superfamily cl07893; AmyA_Pullulanase_LD-like) were chosen based on information from Conserved Domain Database [2, 3] . The structure guided multiple alignment was generated using PROMALS3D [4] . The sequences are colored according to secondary structure (red: α-helix, blue: β-strand). The consensus secondary structures are indicated below the alignment by h (α-helix) or e (β-strand), furthermore the consensus amino acids are shown by the following symbols: conserved residues, bold and uppercase letters; aliphatic residues, l; aromatic residues, @; hydrophobic residues, h; polar residues, p; tiny residues, t; small residues, s; bulky residues, b; positively charged residues, +; and negatively charged residues, -. 
Supplemental Video
Video of subsites and secondary interactions site details outside the active site cleft of HvLD as described in Figure 3 in the manuscript.
